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,QWURGXFWLRQ
6SHHGLVRQHRIWKHLPSRUWDQWSDUDPHWHUIRUHYDOXDWLQJWKHIDFLOLW\TXDOLW\RIVHUYLFHLQYLHZRIURDGXVHUV0RUHRYHU
WUDYHO WLPHDQGFRVWDUHRWKHU LQIOXHQWLDOSDUDPHWHUV LQFKRRVLQJ WKHEHVW WUDYHOSDWK2SHUDWLQJVSHHG LV WKHPRVW
FRPPRQLQGH[IRUGHVLJQFRQVLVWHQF\HYDOXDWLRQ7KHUHDUHWZRDSSURDFKHVIRURSHUDWLQJVSHHGPHDVXUHPHQWILHOG
PHDVXUHPHQWDQGRSHUDWLQJVSHHGSUHGLFWRUPRGHOV2SHUDWLQJVSHHGLVXVHGIRUGHVLJQFRQVLVWHQF\HYDOXDWLRQLQWZR
ZD\V7KH ILUVW RQH LV FDOFXODWLRQ WKHRSHUDWLQJ VSHHGGLIIHUHQWLDO EHWZHHQFRQVHFXWLYHJHRPHWULF HOHPHQWV OLNHD
WDQJHQWVHFWLRQIROORZHGE\DKRUL]RQWDOFXUYHDQGWKHVHFRQGRQHLVFDOFXODWLRQWKHGLIIHUHQFHEHWZHHQGHVLJQVSHHG
DQGRSHUDWLQJVSHHGRQDJHRPHWULFHOHPHQWVXFKDVDKRUL]RQWDOFXUYH7KLVFDOFXODWHGGLIIHUHQWLDOVSHHGFRPSDUHV
ZLWKVSHFLILFWKUHVKROGV,QWKLVVWXG\WKHVSHHGHVWLPDWRUPRGHOVDUHSUHVHQWHGDIWHUVWXG\LQJWKHSUHYDLOLQJYHKLFOHV
LQ,UDQ¶VWUDIILFIORZ
/LWHUDWXUH5HYLHZ
7KHUHDUHVRPHGHILQLWLRQVIRURSHUDWLQJVSHHG,QVRPHFDVHVLWKDVEHHQGHILQHGDVWKHPD[LPXPVSHHGRIDYHKLFOH
LQSUHYDLOLQJWUDIILFIORZDQGJRRGZHDWKHU,QRWKHUVWXGLHVWKLVVSHHGKDVEHHQGHILQHGDVYHKLFOH¶VVSHHGXQGHUIUHH
IORZFRQGLWLRQ>@2QKRUL]RQWDOFXUYHVUDGLXVFXUYDWXUHOHQJWKRIWKHFXUYHGHJUHHRIWKHFXUYHVXSHUHOHYDWLRQ
DQGODWHUDOIULFWLRQFDQLQIOXHQFHRQYHKLFOHVSHHG.UDPPHV>@DQG7DUULV>@KDYHVWDWHGWKHUDGLXVRIFXUYHLVWKH
PRVWLQIOXHQWLDOSDUDPHWHURQYHKLFOHVSHHGRQKRUL]RQWDOFXUYHV)LW]SDWULFN>@KDVEHHQUHDFKHGWRWKLVFRQFOXVLRQ
LQKLVVWXG\2QWDQJHQWVWKHHIIHFWRISDUDPHWHUVVXFKDVWKHVORSHRIWDQJHQWODQHZLGWKWKHUDGLXVHVRISUHYLRXVDQG
IROORZLQJFXUYHVWDQJHQWOHQJWKDQGHWFVKRXOGEHH[SORUHG&DUGRVRHWDO>@LQ3RUWXJDOGHYHORSHGWZRPRGHOVIRU
HVWLPDWLQJWKHWKDQGWKSHUFHQWLOHVSHHGVRQWDQJHQWV6DPHSUHGLFWRUYDULDEOHVZHUHLQVHUWHGWRWKHPRGHOVIRU
ERWKVSHHGSHUFHQWLOHV7KHVHYDULDEOHVZHUHODQHZLGWKVKRXOGHUZLGWKWDQJHQWOHQJWKDQGWKHUDGLXVRISUHYLRXV
FXUYH7KHUDGLXVRISUHYLRXVFXUYHDQGVKRXOGHUZHUHWKHPRVWLQIOXHQWLDOSDUDPHWHUVRQYHKLFOHVSHHG6DFFKLHWDO
>@VWDWHGWKDWODQHZLGWKDQGSRVWHGVSHHGOLPLWDUHHIIHFWLYHYDULDEOHV,QSUHYLRXVVWXGLHVWKHH[LVWHQFHRIIUHHIORZ
FRQGLWLRQIRUVSHHGGDWDFROOHFWLRQKDVEHHQQRWLFHG8QGHUIUHHIORZFRQGLWLRQDYHKLFOHVSHHGLVQRWDIIHFWHGE\
RWKHU YHKLFOHV 7KHUHIRUH HIIHFWLYH YDULDEOHV DUH JHRPHWULF HOHPHQWV 7KHUH DUH VRPH GHILQLWLRQV IRU IUHH IORZ
FRQGLWLRQLQOLWHUDWXUH$KPHG06HPHLGDHWDO>@DQG)LW]SDWULFNHWDO>@VXJJHVWHGVDVDPLQLPXPKHDGZD\
EHWZHHQYHKLFOHVWRGHILQHIUHHIORZFRQGLWLRQ/LQHWDO>@GHILQHGDPLQLPXPKHDGZD\RIVDVIUHHIORZFRQGLWLRQ
&XQDJLQHWDO>@DQG5DGZDQHWDO>@FRQVLGHUHGWKDWYHKLFOHVZLWKKHDGZD\VJUHDWHUWKDQVZRXOGEHXQGHUIUHH
IORZFRQGLWLRQV,QWKLVVWXG\DPLQLPXPKHDGZD\RIVKDVFRQVLGHUHGWRGHILQHIUHHIORZFRQGLWLRQ
,QVRPHSUHYLRXVVWXGLHVWKHVSHHGGDWDZDVFROOHFWHGDWVRPHVSHFLILFVSRWVRQWKHVHFWLRQ7KLVPHWKRGQHHGVVRPH
DVVXPSWLRQV )RU H[DPSOH RQ WDQJHQWV WKH PLGSRLQW RI WDQJHQW KDV EHHQ VHOHFWHG IRU VSHHG PHDVXUHPHQW 7KH
DVVXPSWLRQZDVYHKLFOHVZRXOGDFKLHYHWRPD[LPXPVSHHGDORQJWDQJHQWDWWKLVSRLQW+RZHYHUVSHHGGDWDFROOHFWLRQ
E\PHDVXULQJWKHYHKLFOHVSHHGSURILOHDORQJWDQJHQWV>@KDVVKRZHGWKDWYHKLFOHVGRQRWUHDFKWRWKHLUPD[LPXP
VSHHGDWPLGSRLQWRIWDQJHQW,QWKLVVWXG\WKHSURILOHRIYHKLFOHVSHHGDORQJWDQJHQWVKDVEHHQPHDVXUHG
0HWKRGRORJ\
7ZRODQHUXUDOURDGVLQQRUWKRI,UDQZHUHH[DPLQHGWDQJHQWVIURPWKHVHURDGVZHUHVHOHFWHGIRUGDWDFROOHFWLRQ
6HOHFWLRQFULWHULDZHUH
x 3DYHPHQWLQJRRGFRQGLWLRQ
x $EVHQFHRIVSHHGREVWDFOHV
x $EVHQFHRILQWHUVHFWLRQVDQGORFDODFFHVVHV
7KHJHRPHWULFFKDUDFWHULVWLFVRIWKHVHVLWHVZHUHPHDVXUHG7KHVHJHRPHWULFFKDUDFWHULVWLFVZHUHVORSHODQHZLGWK
VKRXOGHUW\SHWDQJHQWOHQJWKDQGURDGVLGHW\SH$IWHUYLGHRUHFRUGLQJWKHVHYLGHRUHFRUGHGZHUHDQDO\VHGE\XVLQJ
³7UDFNHU9LGHR $QDO\VLV DQG 0RGHOLQJ 7RRO´ 9LGHR UHFRUGLQJ ZDV GRQH GXULQJ GD\OLJKW ZLWK JRRG ZHDWKHU
FRQGLWLRQV DQG GXULQJZRUNGD\V DQG RIISLFN KRXUV 7KH VSHHG RI YHKLFOHV XQGHU IUHH IORZ FRQGLWLRQ PLQLPXP
KHDGZD\RIVZDVPHDVXUHG
7KH VSHHG RI  DQG  YHKLFOHV DORQJ XSJUDGH DQG GRZQJUDGH VHFWLRQV ZHUH PHDVXUHG UHVSHFWLYHO\ 7KH
GLVWULEXWLRQRIVSHHGZDVDQDO\VHGE\XVLQJ6SVV,WZDVIRXQGWKDWLWIROORZVWKHQRUPDOGLVWULEXWLRQIRUDOORIWKH
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YHKLFOHV)LJXUH6RWKHVSHHGKDGWZRSDUDPHWHUVPHDQDQGYDULDQFHWKHVTXDUHRIVWDQGDUGGHYLDWLRQ)RUWKLV
UHDVRQ WKHVH WZR SDUDPHWHUV ZHUH VHOHFWHG DV GHSHQGHQW YDULDEOHV 7KH LQGHSHQGHQW YDULDEOHV ZHUH PHQWLRQHG
JHRPHWULFFKDUDFWHULVWLFDQGWKHLUWUDQVIRUPHGIRUPVDQGYHKLFOHFODVVLILFDWLRQDQGIORZUDWH


)LJXUH7KH44JUDSKIRUDYHKLFOHVSHHGDORQJWDQJHQW
7KHYHKLFOHVLQWUDIILFIORZZHUHFODVVLILHGWRSDVVHQJHUFDUVDQGKHDY\WUXFNV7KHLQLWLDOVSHHGRIYHKLFOHVDWVWDUWRI
WKH WDQJHQWVHFWLRQVZDVPHDVXUHG ,WFDQEHH[SHFWHG WKDW LQLWLDOVSHHGZLOOKDYHVLJQLILFDQW LQIOXHQFHRQYHKLFOH
VSHHG )RU FRQVWUXFWLQJ HVWLPDWLRQPRGHOV WKH GDWD ZDV DQDO\]HG E\ XVLQJ 6WDWD 7KHPRGHOV ZHUH FRQVWUXFWHG
H[FOXVLYHO\IRUXSJUDGHDQGGRZQJUDGHVHFWLRQV/LQHDUUHJUHVVLRQPHWKRGZDVXVHGIRUHVWLPDWLQJWKHSDUDPHWHUVRI
PRGHOV 6LJQLILFDQFH RI FRHIILFLHQWV WKHLU VLJQ DEVHQFH RI PLVVSHFLILFDWLRQ HUURU DEVHQFH RI PXOWLFROOLQHDULW\
EHWZHHQ LQGHSHQGHQW YDULDEOHV DEVHQFH RI KHWHURVNHGDVWLFLW\ DQG FRHIILFLHQW RI GHWHUPLQDWLRQ 5 VTXDUHG ZHUH
HYDOXDWHGLQFKRRVLQJWKHEHVWPRGHO
6SHHGSDUDPHWHUVHVWLPDWLRQPRGHOV
9HKLFOHVVSHHGIROORZHGWKHQRUPDOGLVWULEXWLRQDQGKDGWZRSDUDPHWHUVPHDQDQGVWDQGDUGGHYLDWLRQWKHVTXDUH
URRWRIYDULDQFH6RWKHVHWZRSDUDPHWHUVZHUHVHOHFWHGDVGHSHQGHQWYDULDEOHV)RUGRZQJUDGHVDQGXSJUDGHVWKH
VSHHGSDUDPHWHUVHVWLPDWRUPRGHOVZHUHGHYHORSHGH[FOXVLYHO\
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7DEOH7KHWDQGSYDOXHVIRUYDULDEOHVLQHTXDWLRQ
sĂƌƐ͘ ܹ ' ͳȀ
 ܸܪܥଵ ݉݁ܽ݊ /
ƚͲǀĂůƵĞ ϵ͘ϰϲ ϳ͘ϯϰ ϯ͘Ϯϴ Ͳϭ͘ϵϮ ϭϱ͘ϴϲ ͲϮ͘ϰϲ
ƉͲǀĂůƵĞ Ϭ͘ϬϬϬ Ϭ͘ϬϬϬ Ϭ͘ϬϬϭ Ϭ͘Ϭϱϱ Ϭ͘ϬϬϬ Ϭ͘Ϭϭϰ
:KHUH
PHDQDQGVWGHY VSHHGQRUPDOGLVWULEXWLRQSDUDPHWHUVNPK
* VORSHRIWDQJHQW
9 WKHLQLWLDOVSHHGRIYHKLFOHDWWKHVWDUWSRLQWRIWDQJHQWNPK
IU IORZUDWHLQVDPHGLUHFWLRQYHKK
36/ SRVWHGVSHHGOLPLWNPK
9+& LIWKHYHKLFOHLVDSDVVHQJHUFDUDQGRWKHUZLVH
/ WKHOHQJWKRIWDQJHQWP
: ODQHZLGWKP
6+: ULJKWVKRXOGHUZLGWKPDQG
6+7 LIWKHULJKWVKRXOGHULVSDYHGDQGRWKHUZLVH

,W FDQEH VHHQ IURP WKHVHPRGHOV WKDW LQLWLDO VSHHG DQGSRVWHG VSHHG OLPLW DQG WKH VORSHRI WDQJHQW DUH WKHPRVW
LPSRUWDQWYDULDEOHVRQGRZQJUDGHWDQJHQWVVWDWLVWLFDOO\,QILJXUHWKHLPSDFWRIVORSHLVLOOXVWUDWHG,WFDQEHVHHQ
IURPWKLVJUDSKWKDWVORSHRIWDQJHQWKDVDQLQFUHPHQWDOHIIHFWRQPHDQVSHHGXQWLOVORSH$IWHUWKLVSRLQWWKH
WDQJHQWVORSHKDVDGHFUHDVLQJLPSDFWRQPHDQVSHHG,QILJXUHWKHLPSDFWRIYHKLFOHLQLWLDOVSHHGDWWDQJHQWVWDUW
SRLQWRQPHDQLVH[KLELWHG7KHLQFUHPHQWDOHIIHFWRIWKLVYDULDEOHRQPHDQVSHHGLVREYLRXV,WFDQEHVDLGWKDWWKLV
YDULDEOHLVLQGLFDWLQJWKHHIIHFWRISUHYLRXVJHRPHWULFVHFWLRQRQYHKLFOHVSHHG7KHGXPP\YDULDEOH9+&KDVEHHQ
LQVHUWHGWRPRGHOVIRUFRPSDULQJYHKLFOHVRSHUDWLRQ7KHVLJQRI9+&GHPRQVWUDWHVWKDWSDVVHQJHUFDUVKDYHPRUH
VSHHGWKDQKHDY\WUXFNVRQGRZQJUDGHWDQJHQWV%\ORRNLQJDWWKHWYDOXHRIWKLVYDULDEOHLWFDQEHFRQFOXGHGWKDW
GLIIHUHQFHEHWZHHQSDVVHQJHUFDUVDQGKHDY\YHKLFOHVVSHHGLVVWDWLVWLFDOO\VLJQLILFDQWDWVLJQLILFDQFHOHYHORI7KH
VWDQGDUGGHYLDWLRQSDUDPHWHULQGLFDWHVWKHGLVSHUVLRQRIDYHKLFOHVSHHGDURXQGPHDQ

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
)LJXUH7KHUHODWLRQEHWZHHQVORSHRIGRZQJUDGHWDQJHQWVDQGYHKLFOHVSHHG

)LJXUH7KHUHODWLRQEHWZHHQYHKLFOHLQLWLDOVSHHGDWVWDUWSRLQWRIGRZQJUDGHWDQJHQWVDQGYHKLFOHVSHHG
0HDQHVWLPDWLRQPRGHOIRUXSJUDGHWDQJHQWVLVLQGLFDWLQJWKHVLJQLILFDQFHRILQLWLDOVSHHGDQGWKHVORSHRIWDQJHQW
WRR,QILJXUHWKHUHODWLRQEHWZHHQln meanDQGLQLWLDOVSHHGRIYHKLFOHLVVKRZHG,WVKRZVWKHLQFUHPHQWDOHIIHFWRI
LQLWLDOVSHHGRQYHKLFOHVSHHG,WFDQEHFRQFOXGHGWKDW LQLWLDOVSHHGLV LQGLFDWLQJWKHHIIHFWRISUHYLRXVJHRPHWULF
VHFWLRQRQYHKLFOHVSHHGVLPLODUWRGRZQJUDGHWDQJHQWV,QILJXUHWKHLPSDFWRIWDQJHQWOHQJWKRQYHKLFOHVSHHGLV
LOOXVWUDWHG,WFDQEHVHHQIURPWKLVJUDSKWKHWDQJHQWOHQJWKKDVDQLQFUHPHQWDOHIIHFWRQVSHHGXQWLOWKHOHQJWKRI
PDQGDGHFUHDVLQJHIIHFWDIWHUWKLVOHQJWK7KHHIIHFWRIWDQJHQWVORSHRQVSHHGLVGHFUHDVLQJ%\ORRNLQJDWWKHVLJQ
RI9+&LWFDQEHFRQFOXGHGSDVVHQJHUFDUVKDYHPRUHVSHHGWKDQKHDY\WUXFNVRQXSJUDGHWDQJHQWVOLNHLQGRZQJUDGH
FDVH 7KH WYDOXH RI WKLV YDULDEOH LQGLFDWHV WKH GLIIHUHQFH EHWZHHQ SDVVHQJHU FDUV DQG KHDY\ WUXFNV VSHHGV LV
VWDWLVWLFDOO\ VLJQLILFDQW DW VLJQLILFDQFH OHYHO RI  -XVW OLNH LQ GRZQJUDGH WDQJHQWV FDVH WKH VWDQGDUG GHYLDWLRQ
HVWLPDWLRQPRGHOVKRZVWKHHIIHFWLYHYDULDEOHVRQVSHHGGLVSHUVLRQDURXQGPHDQ

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
)LJXUH7KHUHODWLRQEHWZHHQYHKLFOHLQLWLDOVSHHGDWVWDUWSRLQWRIXSJUDGHWDQJHQWVDQGYHKLFOHVSHHG


)LJXUH7KHUHODWLRQEHWZHHQOHQJWKRIXSJUDGHWDQJHQWVDQGYHKLFOHVSHHG
'HYHORSHGPRGHOVYDOLGDWLRQ
RIGDWDZDVXVHGIRUFRQVWUXFWLQJHVWLPDWLRQPRGHOVDQGRIGDWDOHIWIRUYDOLGDWLRQRIWKHVHPRGHOV7KH
SUHGLFWHGYDOXHVREWDLQHGIURPSUHVHQWHGPRGHOVZHUHFRPSDUHGZLWKREVHUYHGYDOXHVLQWKHRIGDWDWKDWOHIW
IRUYDOLGDWLRQ0RUHRYHUWKHVWDQGDUGHUURURIHVWLPDWHZDVFDOFXODWHGZLWKWKHIROORZLQJHTXDWLRQ

ı௘௦௧ ൌ ට
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౟సభ
୬
  

:KHUH
yi  SUHGLFWHGYDOXHIRUWKHLWKYDOLGDWLRQREVHUYDWLRQ
ݕపෝ  DFWXDOYDOXHRILWKYDOLGDWLRQREVHUYDWLRQ
n  7RWDOQXPEHURIREVHUYDWLRQVLQWKHYDOLGDWLRQGDWDVHW

7KH GLDJUDPV LQ ILJXUHV    DQG  DUH VKRZLQJ WKH SUHGLFWHG YHUVXV REVHUYHG YDOXHV IRU HTXDWLRQV  WR 
UHVSHFWLYHO\7KHFDOFXODWHGVWDQGDUGHUURUSDUDPHWHUIRUHDFKHTXDWLRQLVVKRZHGRQWKHVHILJXUHVWRR

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
)LJXUH2EVHUYHGYHUVXVSUHGLFWHGYDOXHVIRUHTXDWLRQ


)LJXUH2EVHUYHGYHUVXVSUHGLFWHGYDOXHVIRUHTXDWLRQ

)LJXUH2EVHUYHGYHUVXVSUHGLFWHGYDOXHVIRUHTXDWLRQ

)LJXUH2EVHUYHGYHUVXVSUHGLFWHGYDOXHVIRUHTXDWLRQ
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&RQFOXVLRQV
,Q WKLVVWXG\ WKH LPSDFWRIJHRPHWULFGHVLJQHOHPHQWVRQYHKLFOHVVSHHGRQGRZQJUDGHDQGXSJUDGH WDQJHQWVZDV
H[SORUHGLQQRUWKRI,UDQ,WZDVIRXQGWKDWYHKLFOHVSHHGDORQJWDQJHQWVIROORZHGWKHQRUPDOGLVWULEXWLRQDQGWKXVLW
KDGWZRSDUDPHWHUVPHDQDQGVWDQGDUGGHYLDWLRQ6RWKHUHODWLRQEHWZHHQWKHVHWZRSDUDPHWHUVDQGJHRPHWULFGHVLJQ
HOHPHQWVZDVH[SORUHG7KHLQLWLDOVSHHGRIYHKLFOHVDWVWDUWSRLQWRIWDQJHQWVZDVPHDVXUHGDVUHSUHVHQWDWLYHWKHHIIHFW
RISUHYLRXVJHRPHWULFVHFWLRQRQYHKLFOHVSHHG,WZDVIRXQGWKDWLQLWLDOVSHHGDQGVORSHRIWDQJHQWVZHUHWKHPRVW
LPSRUWDQW YDULDEOHV VWDWLVWLFDOO\ RQ ERWK RI GRZQJUDGH DQG XSJUDGH WDQJHQWV $OVR WKH SRVWHG VSHHG OLPLW ZDV
VWDWLVWLFDOO\LPSRUWDQWYDULDEOHLQGRZQJUDGHFDVHV
7KHYHKLFOH LQ WUDIILFIORZRUJDQL]HGLQ WR WZRFODVVLILFDWLRQVEDVHGRQWKHLUZHLJKWVIRUFRPSDULQJEHWZHHQWKHLU
RSHUDWLRQVRQVORSHVSDVVHQJHUFDUVDQGKHDY\WUXFNV7KHGXPP\YDULDEOH9+&ZDVXVHGWRUHDFKWKLVWDUJHW7KH
VLJQRIWKLVYDULDEOHLQHTXDWLRQDQGWKDWHVWLPDWHPHDQVSHHGZDVQHJDWLYH6RLWLVLQGLFDWLQJWKDWSDVVHQJHU
FDUVKDYHPRUHVSHHGWKDQKHDY\WUXFNVRQVORSHV%\ORRNLQJDWWYDOXHVRIWKLVYDULDEOHLQHTXDWLRQVLWZDVFRQFOXGHG
WKDWWKHGLIIHUHQFHEHWZHHQWKHVHWZRFODVVLILFDWLRQVRIYHKLFOHVLVVWDWLVWLFDOO\VLJQLILFDQWDWVLJQLILFDQFHOHYHORI
)RUIXWXUHVWXGLHV WKHQXPEHURIVLWHVFDQEHLPSURYHGIRUFRQVWUXFWLQJPRUHDFFXUDWHSUHGLFWRUPRGHOV$OVRWKH
HIIHFWRIKRUL]RQWDOFXUYHVHOHPHQWVDQGLWVFRPELQDWLRQZLWKVORSHVRQVSHHGFDQEHVWXGLHG,QWKLVVWXG\WKHPRGHOV
FRQVWUXFWHGE\XVLQJOLQHDUUHJUHVVLRQ$QRWKHUHVWLPDWLRQPHWKRGFDQEHXVHGDQGWKHUHVXOWVFDQEHFRPSDUHG
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